Introduction
============

Throughout the course of evolution, deep-sea organisms developed a set of mechanisms protecting them from the effects of HHP, a major determinant of their habitat. Physically, HHP is scalar quantity acting in all directions on these organisms at macroscopic as well as microscopic structural levels. Since in vitro studies have shown that pressure in the order of one tenth of a MPa can impair quaternary structure of proteins and modify biophysical properties of cell membranes[@R1] it is of particular interest to understand the mechanisms that provide protection from the effects of HHP at a molecular level.

In an attempt to explain the mechanisms of barotolerance, it has been reported that in tissues of deep-sea fish the concentration of trimethylamine N-oxide (TMAO) strongly correlates with depth at which these organisms live.[@R2]^,^[@R3] Hence, it appears that TMAO and similar organic osmolytes are key compounds providing barotolerance for deep-sea organisms. Although there is no similar report on protective effect of TMAO in deep-sea bacteria, it has been reported that deep-sea bacteria accumulate the osmolyte β-hydroxybutyrate when exposed to high hydrostatic pressure as well as to osmotic pressure.[@R2]^,^[@R4] It has also been shown that high intracellular levels of sucrose and lactose provided protection against cell death induced by high pressure in*Lactococcus lactis*.[@R5]

Presumably, TMAO provides primarily protection for cytoplasmic proteins. TMAO does not react with protein backbones directly, but coordinates water around them.[@R6] Although there is no universal molecular theory, which would explain how osmolytes interact with proteins to affect the stability of their structure, according to a recently proposed model by Street et al. (2006),[@R7] protecting osmolytes such as TMAO push the structural equilibrium in the protein folding reaction toward folded protein structure by being excluded from direct interaction with the protein surface. Under HHP the "TMAO shield" thus prevents penetration of water into protein molecules and preserves their tertiary and quaternary structure. This is an attractive hypothesis accounting well for protection of soluble cytoplasmic proteins under HHP. In the case of membrane-bound or integral membrane proteins their functionality depends on lipid environment of the membrane bilayer, whose structural organization also changes under HHP.[@R8] HHP in the range of 0.1--50 MPa does not denature the majority of proteins, however, it can affect their structure and function by inducing minor changes in tertiary and quaternary structure or, in the case of integral membrane proteins, by affecting the structure of the lipid environment.[@R9]^-^[@R11]

The aim of this study was to discern between the effects that HHP exerts on the lipid bilayer and a membrane protein by examining the effect of HHP on the activity of the mechanosensitive (MS) channels of small conductance of *E. coli* using the "flying-patch" patch-clamp method (see [Fig. 2](#F2){ref-type="fig"} in Macdonald and Martinac 2005), in the presence or in the absence of TMAO. In this study we also provide evidence that both MscS and MscK are responsible for observed effect of HHP on the channel open probability. Specifically, we investigated whether HHP would exert its effect on the MscS/MscK channels via the membrane bilayer, directly on the channel protein or on both. As one of the three types of MS channels found in bacteria,[@R12]^,^[@R13] MscS has been extensively studied in giant spheroplasts of *E. coli*[@R14]^,^[@R15] as well as by reconstitution of *E. coli* membrane fractions or purified channel proteins into liposomes.[@R15]^-^[@R18] Membrane tension produced by stretching the lipid bilayer alone is the primary stimulus required for activation and gating of this MS channel.[@R19]^,^[@R20] The channel activity is also modulated by voltage, such that membrane depolarization favors the channel opening.[@R14]^,^[@R21] The 3D crystal structure of MscS reveals that the channel is a homoheptamer[@R22]^,^[@R23] in which each subunit is composed of three transmembrane (TM) segments, TM1, TM2 and TM3 as well as a large cytoplasmic region. The TM3 helices line the channel pore whereas the TM1 and TM2 helices have been proposed to constitute the sensors for membrane tension and voltage.[@R22]^,^[@R24] At present there is no crystal structure for MscK available. However, the alignment of primary amino acid sequences of MscS vs. MscK reveals 45% similarity for the region that the much longer MscK overlaps with the full length of MscS.[@R25]

![**Figure 2.** Effect of HHP and voltage on MscS/MscK open probability and conductance. (**A**) Representative current recordings of MscS/MscK at different pipette voltage and HHP. During each HHP step (see protocol below the recordings) a set of voltages was applied (values are shown above the recordings). Note that upon HHP increase duration of the open states decreased. At HHP \> 60 MPa the full open state of MscS/MscK was detected less frequently (see insert showing a current trace on an expanded time scale at 70 MPa). (**B**) Current-voltage relation obtained at different HHP values. Full open states of MscS were detected at all HHP values in the interval 10--70 MPa. MscS/MscK slope conductance of 0.61 ± 0.03 nS obtained at different HHP from 21 patches is the same as at 0.1 MPa. The number of patches n examined at particular HHP is given in parentheses at each symbol. Amplitude histograms obtained at HHP of 10 and 60 MPa and at -80 mV pipette voltage demonstrate that MscS/MscK opens fully at different levels of HHP (C, closed state; O, open state; Sn, subconducting states of the channel) (**C**) Representative recording of MscS/MscK under different steps of HHP and voltages. Note the recovery of channels gating when pressure was released back to 10 MPa](chan-6-262-g2){#F2}

There are several reasons for choosing MscS/MscK in our study of the HHP effects on MS channels: (1) the activity of MscS/MscK is tightly controlled by the physical forces in the lipid bilayer,[@R19]^,^[@R26] (2) during its gating between the closed and open states MscS undergoes large conformational changes,[@R21]^,^[@R27] (3) the cytoplasmic C-terminal domain of MscS/MscK presents a large portion of the channel protein outside of the membrane bilayer, and (4) the activity of MscS under HHP has been partially investigated in previous studies.[@R28]^,^[@R29] Using MscS/MscK for HHP experiments in this study has also the advantage of being able to gate the channel by voltage.[@R14] This is advantageous since controlling the negative pressure applied to a patch pipette (required for stretching a spheroplast patch) in the high pressure chamber is currently not technically possible at the current stage.

The role of the MscS cytoplasmic domain in gating of the channel is not well understood. The current view is that the chamber is a dynamic structure that undergoes significant conformational changes upon the channel gating.[@R30] During gating the cytoplasmic domain passively follows the movement of the "hairpin" formed by the transmembrane TM1 and TM2 helices[@R22]^,^[@R29]^,^[@R31] as well as following the expansion of the aqueous pore, lined with TM3 helices. The cytoplasmic domain is also considered to play a role in voltage-independent adaptation of the channel.[@R30]^,^[@R32] It has also recently been suggested that this domain may serve as a sensor of cytoplasmic crowding.[@R33] The MscK structure-and-function details are not clarified well yet, but its biophysical properties, such as mechanosensitivity, conductance and gating and aminoacid sequence alignment to MscS suggests that its membrane part and cytoplasmic domain are similar to MscS.[@R34] Given their similarities and taking into consideration that MscS and MscK ion currents are difficult to distinguish electrophysiologically from each other,[@R35] we treated the channels in this study together as one channel---MscS/MscK. Overall, our study suggests that TMAO could stabilize the C-terminal cytoplasmic portion of MscS/MscK by coordinating water around it[@R6]^,^[@R7] and this could stabilize the channel structure and gating under HHP.

Results
=======

Voltage dependence of MscS
--------------------------

Given that in our present study activation of MscS/MscK by voltage was essential to conduct the experiments under HHP, we examined the voltage dependence of MscS upon reconstitution into tethered bilayers (Materials and Methods). The choice of a tethered bilayer for these experiments has the advantage that the bilayer is not mechanically stressed, so that examining the voltage dependence under these conditions should be free from potential interference with activating the channels by membrane tension in addition to voltage. As shown in [Figure 1](#F1){ref-type="fig"}, MscS channels behaved in a voltage-dependent manner by showing more activity at positive membrane potentials compared with negative potentials. In contrast, MscL, which was used as a control, did not exhibit any voltage dependence. MscS responded in a voltage-dependent manner in tethered membranes, whereas the MscL showed only a small effect at a very high voltage, which was likely associated with leakage conduction through the supporting lipid. As previously established the activity of MscL depends purely on membrane tension[@R40]^,^[@R41] In addition, comparison with protein free lipid was used as another control that indicated the voltage dependency was a property of MscS and not the tethered membrane. These control experiments gave us additional confidence to examine MscS/MscK behavior under HHP.

![**Figure 1.** Normalized current-voltage relationship for MscS and MscL reconstituted into tethered bilayers. MscS (filled squares) channels exhibit a voltage-dependent behavior by showing more activity at positive as compared with negative membrane potentials. MscL (filled circles) does not exhibit any voltage dependence except at high voltages (\~+200 mV) possibly due to leakage conduction through the supporting lipid bilayer. These results were obtained from tethered membranes purchased from SDx Tethered Membranes^TM^ and read by an SDx Tethered Membranes TetherPatch^TM^ Potentiostat. In the inner leaflet of the tethered membrane 10% of the lipids were tethered and in the outer leaflet all lipids were mobile. The tethered spacer groups at the surface of the gold electrode were \~2 nm in length and the reservoir space between the gold and the inner surface of the membrane were \~4 nm in length. It is proposed that these packing densities accommodate both the membrane incorporated and the extra membranous segments of either MscS or MscL while still permitting the conformational and diffusional movements required for a conducting channel. In both cases some spontaneous conduction was evident in the C20 phytanyl (equivalent to a C16 long methylene chain) lipid bilayer used here.](chan-6-262-g1){#F1}

Inhibitory effect of HHP on the MscS/MscK activity
--------------------------------------------------

MscS/MscK was activated by applying negative voltage to the patch pipette corresponding to a depolarizing membrane potential in the inside-out spheroplast patch recording mode used for the experiments in this study. In the majority of patches the channels began to open at pipette voltages at or more negative than -30 mV. Patches in which channels could be gated by voltages larger than -80 mV were not used for the HHP experiments, because at these voltages patches tended to break during HHP application at pressures higher than 40 MPa. If channels exhibited steady-state activity for 3--4 min after the onset of a recording, this interval was used throughout the study as a control measurement of the MscS/MscK activity at atmospheric pressure of 0.1 MPa. At voltages less negative than -80 mV such steady-state activity was a sufficient indicator to proceed further with recordings during which HHP was increased up to 80 MPa in a step-like fashion. During each pressure step several negative pipette voltages were usually applied to monitor the effect of voltage on the MscS/MscK at a given HHP ([Fig. 2A](#F2){ref-type="fig"}). Generally, upon increasing HHP at a given voltage, the open probability (NPo) of the channels decreased. At pressures ≥ 70 MPa the channels remained closed in most patches examined ([Fig. 2C](#F2){ref-type="fig"}). Closer inspection of recorded traces revealed that, as previously reported, the channels had a tendency to frequently gate at subconducting levels as HHP increased[@R28] ([Fig. 2B](#F2){ref-type="fig"}, amplitude histograms). Conductance of MscS/MscK was not affected by HHP at all applied pressures (0.1--80 MPa) ([Fig. 2B](#F2){ref-type="fig"}). However, the full open state of the channel was more frequently detectable in the lower range of HHP (≤ 40 MPa) and less frequently in the high range of applied HHP (\> 40 MPa) as previously reported ([Fig. 3A](#F3){ref-type="fig"};[@R28]). After pressure was released back to atmospheric pressure, in about 65% of the patches examined under HHP (n = 8) MscS/MscK fully recovered its voltage sensitivity and fully open state with conductance recorded before the application of HHP[@R28] ([Fig. 2C](#F2){ref-type="fig"}). In the remaining 35% of the patches the channel activity failed to recover its voltage sensitivity.

![**Figure 3.** Effect of HHP and voltage on MscS/MscK open probability in presence of TMAO. (**A**) Current recordings of MscS/MscK at different pipette voltages and HHP in the presence of 100 mM TMAO. (**B**) Current-voltage relation obtained at different HHP in the presence of 100 mM TMAO. MscS/MscK slope conductance of 0.64 ± 0.02 nS obtained at different HHP from 30 patches is the same as one obtained in the absence of TMAO indicating that TMAO did not affect conductance of the channel. Amplitude histograms were obtained at HHP of 0.1 and 70 MPa at -60 mV. C, O and S~n~ denote closed, open and subcoducting levels of the channel, respectively. (**C**) 3D graph showing MscS/MscK open probability NP~o~ similar as in [Figure 2C](#F2){ref-type="fig"} but in the presence of 100 mM of TMAO. Note that NP~o~ remained very similar in the interval 0.1--50 MPa.](chan-6-262-g3){#F3}

Protective effect of TMAO against HHP
-------------------------------------

Based on measurements of TMAO concentration in fresh and sea water species, 100 mM of TMAO is more than sufficient to provide protection against HHP.[@R2]^,^[@R3] Accordingly, most experiments in this study were performed using 100 mM TMAO. In addition, in four further experiments we used 50 mM TMAO (data not shown). Although we also attempted to examine the effect of HHP at a TMAO concentration of 200 mM, these experiments failed because at this concentration we were not able to obtain sufficiently stable gigaohm seals required for the HHP experiments.

Under atmospheric pressure (0.1 MPa) TMAO at 100 mM in the bath solution had no detectable effect on MscS/MscK conductance ([Figs. 2B](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"}) and its voltage-sensitivity ([Fig. 3A](#F3){ref-type="fig"}). Analysis of recordings from 30 patches examined at 100 mM TMAO showed that upon increasing HHP to \~40 MPa voltage-dependent activity of the channel was comparable to the channel behavior at atmospheric pressure ([Fig. 3A](#F3){ref-type="fig"}). In contrast, at HHP values \> 40 MPa the activity of the channels decreased with increasing pressure similar to the channel behavior recorded under HHP in the absence of TMAO ([Fig. 4](#F4){ref-type="fig"}). This result suggested that TMAO could partially protect the channel structure and gating from the effects of HHP. At concentration of 50 mM TMAO protected the channels against HHP in a similar fashion as at the concentration of 100 mM. MscS/MscK retained its normal voltage-dependent activity at HHP up to \~60 MPa (see [Fig. 3A](#F3){ref-type="fig"}).

![**Figure 4.** Effect of TMAO on volume changes under HHP. Semilogarithmic plot of normalized NPo values (averaged from NP~o~ values obtained from recordings at all voltages at a particular HHP) vs. hydrostatic pressure shows a linear relationship. The number n in each histogram indicates the number of measurements obtained at different voltages at each pressure step. (**A**) The experimental points obtained in the absence of TMAO were fitted over the whole range of HHP applied during the experiments (0.1--80 MPa). Each vertical bar is represented as ln(mean) and error given by ± \[ln(mean+ S.E.) -- ln(mean)\] of n measurements. Single linear fit gave a volume change across the equilibrium ΔV of -69 ml/mol (i.e., -114 Å^3^ per channel molecule) (see Results). (**B**) The experimental points obtained in the presence of 100 mM TMAO were fitted by two linear fits, the first one in the 0.1--40 MPa range and the second one in the 40--80 MPa range giving volume changes of -8.1 ml/Mol (i.e., -13 Å^3^ per channel molecule) and -130 ml/Mol (i.e., -216 Å^3^ per channel molecule), respectively (see Results). Linear fit to hystograms is made for the purpose of approximate estimation of free volume change of MscS/MscK under HHP. The pair-wise comparison using Student t-test of the vertical bars in both histograms in this figure showed the statistical difference at p \< 0.05 significance level between the control bar (marked with C on the horizontal line above each histogram) and vertical bars corresponding to HHP values marked by asterisks.](chan-6-262-g4){#F4}

Reaction volumes in absence and in presence of TMAO
---------------------------------------------------

According to Le Châtelier's principle, an increase of pressure shifts the equilibrium of a reaction to the state which occupies a lesser volume. Equilibrium systems with two energetically stable states, such as MS channels that exist in two basic conformational states, closed (C) and open (O), can be described in terms of the equilibrium constant K (given by the open probability NPo) of a simple two-state reaction C→O. Decrease in the MscS/MscK open probability NPo results from an equilibrium shift toward the closed state of the channel, which occupies lesser volume than the open state of the channel.[@R32]^,^[@R42] Consequently, increasing HHP causes a decrease in the NPo of MscS/MscK. This is in agreement with the notion that MscS and MscK, like MscL, are MS channels undergoing large conformational changes during gating between the closed and open states of the channel (i.e "t · ΔA," t -- membrane tension, ΔA -- difference in area occupied by open vs. closed channel).[@R13]^,^[@R32]^,^[@R43]^-^[@R49] The relationship between the equilibrium constant K, volume change across the equilibrium (i.e., reaction volume) ΔV (Moles) and pressure (Pascals) at constant temperature is given by the classical thermodynamic equation: \[dlnK/dp\]~T~ = -dV/RT, where T is the absolute temperature and R is the gas constant. In a multi-component system consisting of an ion channel, lipid bilayer, and ionic solution, one would expect that volume changes ΔV obtained from linear fits shown in [Figure 4](#F4){ref-type="fig"} mostly result from the volume changes in the MscS/MscK channel and/or the lipid bilayer given that the bulk water is least compressible among the components of the system.

Calculated from the linear fit of data shown in [Figure 4A](#F4){ref-type="fig"} the compression of spheroplast patches over the range of 0.1 to 80 MPa resulted in a volume change ΔV of -69 ml/Mol, corresponding to -114 Å^3^ per one channel molecule. This is comparable to the previously published volume change of \~155 Å^3^.[@R28] In comparison, the volume of the channel heptamer of approximately 6.0 x 10^5^ Å^3^,^28^ is quite large compared with the calculated ΔV. Possible factors that could contribute to the volume changes caused by the HHP are discussed later together with results obtained in HHP experiments in the presence of TMAO.

In the presence of TMAO, increasing HHP had a differential effect on the MscS/MscK open probability than in the absence of TMAO. Over the range of HHP between 0.1 to 40 MPa linear fit of data shown in [Figure 4B](#F4){ref-type="fig"} gave a volume change of ΔV = -8.1 ml/Mol. This corresponds to approx. -13 Å^3^ per one MscS/MscK molecule. The approximate linear fit of data over the interval 40 to 80 MPa gave a reaction volume ΔV = -130 ml/Mol corresponding to -216 Å^3^ per MscS/MscK channel molecule. It is higher than the free volume change calculated in the absence of TMAO, which means that above 40 MPa, MscS/MscK was more susceptible to HHP despite the presence of 100 mM of TMAO. It is possible that at pressures \> 80 MPa phase transition of phospholipid membrane might occur in some cases,[@R50] which could irreversibly affect the lipid-MscS/MscK interactions thus preventing the restoration of the channel function upon release of HHP.

Discussion
==========

The MscS/MscK modulation by voltage allows these channels to be examined in a high-pressure chamber in which it cannot be activated by membrane tension. Despite current evidence suggesting that MscS activity could only be modulated by voltage once the channel is activated by membrane tension[@R51]^,^[@R52] we were able to establish that MS channel could be activated by voltage in tethered bilayers independently of membrane tension ([Fig. 1](#F1){ref-type="fig"}).

Generally, HHP affected the channel kinetics such that the open probability decreased with increasing pressure. As previously reported,[@R28] the MscS also exhibited frequent gating at subconducting levels with increase in HHP although its main conductance corresponding to the fully open state of the channel remained overall unaffected by HHP. Volume compressibility of phospholipid membrane is less than 1% at 100 MPa[@R53] and compressibility of the bilayer in the horizontal plane is higher than in the vertical plane.[@R8] Furthermore, it has been reported that pressurization of the oriented 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine/cholesterol bilayers results in an in-plane compression of 3--7% at 190 MPa corresponding to increase in the thickness of the bilayer by approximately 1.5 Å.[@R54] This roughly corresponds to an increase of 0.6 Å in the bilayer thickeness at 80 MPa in our experiments. Since changes in the physical properties of the lipid bilayer affect functioning of MS channels[@R28]^,^[@R44]^,^[@R55]^,^[@R56] it is possible that the effects of HHP on MscS/MscK are also due to the effects on the lipid bilayer, as previously discussed.[@R28] MscS activity is dependent on mobility of the TM1-TM2 "hairpin" and thus it is dependent on how tightly boundary phospholipids are packed. Given its sequence similarity to MscS this may also be applicable to MscK as well. Consequently, the increased packing of phospholipid hydrocarbon chains under HHP[@R10] would be expected to limit the TM1-TM2 mobility within the bilayer. In a more viscous membrane the channels would tend to remain closed due to immobilization of the TM1-TM2 transmembrane domains in densely packed hydrocarbon chains making it more difficult for the TM helices to move when voltage is applied ([Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** Model of MscS and MscK gating by voltage under hydrostatic pressure in the absence (**A**) and presence of TMAO (**B**). (1) Voltage-dependent MscS and MscK closed-open transitions. Depolarizing membrane voltages (corresponding to negative pipette voltages more negative than -40 mV in inside-out excised spheroplasts patches) force TM1-TM2 helices (TM1-TM2 "hairpin"[@R29]^,^[@R31]), harboring positively charged arginins, to move apart and up toward the opposite side of the bilayer.[@R22]^,^[@R59] Arrows indicate direction of movement of the TM1-TM2 helices. (2) Voltage-dependent MscS closed-open transitions under HHP below 50 MPa. HHP causes phospholipids to become more densely packed in the membrane bilayer. Due to lateral compressibility of the lipid bilayer, the thickness of the bilayer increases. These changes make MscS gating more difficult and less sensitive to voltage. In presence of TMAO both MscS and MscK are fully capabale to gate, because channels are "shielded" with TMAO. (3) Upon further increase of HHP (50 MPa and higher) MscS and MscK the protective effect of TMAO is diminishing. At 80 MPa channels are driven to closed state regardless whether TMAO is present or not.](chan-6-262-g5){#F5}

In the current study, 50 and 100 mM TMAO protected the MscS/MscK channel from the effects of HHP, such that MscS at HHP within the 0.1--40 MPa range gated to similar extent at all pressures within this range ([Figs. 3A](#F3){ref-type="fig"}, 5B1 and 5B2). However, upon further increase in HHP, NPo decreased as if TMAO was not present (Fig. 5.3). This suggests that the protective effect of TMAO was abolished in a threshold-like manner within the 40--80 MPa pressure range. This result seems to indicate that HHP may not only be affecting the lipid bilayer but also the MscS/MscK protein itself. Since TMAO is a small molecule it could diffuse easily through water-accessible parts of MscS/MscK without interacting with the protein surface by forming a "protective shield" around the folded structure of the protein,[@R7] such that the channel protein structure is protected from HHP ([Fig. 5](#F5){ref-type="fig"}).

According to a generally accepted model of MscS gating,[@R42]^,^[@R52] TM1-TM2 "hairpin" of each subunit is moving across the membrane bilayer during gating causing a straightening of the TM3 helices to remove a kink midway through the membrane, establishing contact between TM3 and TM2 helices and thus enabling opening of the MscS pore.[@R51] Furthermore, the large cytoplasmic domain extends a long way from the membrane and contains a large central chamber accessible through seven side openings and one distal pore.[@R23]^,^[@R57] The conformation of the cytoplasmic domain has also been shown to influence the conductivity of the pore,[@R51] such that it passively follows TM1-TM2-TM3 complexes and expands as a "Chinese lantern."[@R58] In the presence of TMAO the entire cytoplasmic domain should be less affected by HHP because TMAO could stabilize its structure by coordinating water around protein backbones.[@R6] As a stabilizing osmolyte TMAO is preferentially excluded from the protein surface because water is more likely than TMAO to interact favorably with the polar groups on the protein surface.[@R7] Consequently, when MscS/MscK undergoes closed-open transition, the cytoplasmic chamber stabilized by TMAO, would allow transmembrane helices to move during these transitions at HHP similar to their movement at atmospheric pressure. Given that TMAO provides primarily protection for soluble proteins it must be noted that the cytoplasmic part of MscS is exposed to water to a much greater extent than the pore forming TM3 helices. As a result the protective effect of TMAO on MscS is thus most likely due to its protective effect on the MscS cytoplasmic domain ([Fig. 5B](#F5){ref-type="fig"}). Due to absence of MscK protein crystal structure, which can only be deduced from the available MscS gating model, it is difficult to know how its helices may be moving during gating although it is not unreasonable to assume that they would move in a manner similar to MscS. This assumption is supported by the sequence similarity between MscS and MscK transmembrane portions and conservations of Arg residues (Arg^861^, Arg^874^ and Arg^878^) that may serve as voltage sensors.[@R24]^,^[@R57]

The low free volume change of -13.4 Å^3^ in the presence of TMAO compared with the free volume change of -114 Å^3^ calculated in its absence ([Fig. 4](#F4){ref-type="fig"}) at pressures 0--40 MPa supports findings of a number of independent studies[@R27]^,^[@R32]^,^[@R59]^-^[@R61] indicating a high importance of the cytoplasmic domain for the gating transitions exhibited by MscS. At pressures in the range of 40 -- 80 MPa the free volume decrease of -216 Å^3^ is higher than the free volume change calculated in the absence of TMAO, which means that above 40 MPa, MscS/MscK were more susceptible to HHP despite the presence of 100 mM of TMAO. Interestingly, upon the application of HHP at 80 MPa only 65% of spheroplast patches showed full recovery of the channel activity when atmospheric pressure was restored. It is possible that at pressures \> 80 MPa phase transition of phospholipid membrane might occur,[@R50] which could irreversibly affect the MscS/MscK-lipid interaction thus preventing the restoration of the channel function upon release of HHP. Another possibility is that both channels may inactivate[@R52] irreversibly upon application of HHP.

A previous study investigating the effects of HHP on MscS activity suggested that the effects could mainly be due to the effects of HHP on properties of the MscS channel-associated lipid bilayer.[@R28] However, in light of the recent results reporting that a change in bilayer thickness and hydrophobic mismatch had no effect on the MscS gating,[@R62] the thickening of the bilayer caused by the increase in HHP is less likely to explain the effects of HHP reported here. Hence, given that the cytoplasmic domain of MscS is essential for its function, we believe that the results of this study indicate that HHP should predominantly act by affecting the backbone structure of the cytoplasmic domain of the MscS/MscK channel.

Materials and Methods
=====================

Chemicals
---------

All chemicals were purchased from Sigma Chemical Co.

Bacterial strains and preparation of giant spheroplasts
-------------------------------------------------------

As previously described,[@R14]^,^[@R36] *E. coli* MscL knockout strain AW737KO was grown at 37°C in Luria-Bertani medium (10 g/l Bacto-tryptone, 5 g/l yeast extract, 5 g/l NaCl) to mid log phase (0.4--0.5 OD~595~). Three mililiters was then transferred to 27 ml fresh medium with 60 μg/ml cephalexin and cultured at 42°C on an orbital mixer incubator (Ratek) at 180 rpm until cells grew into 100--150 μm long filaments taking approx. 2--3 h. The filaments were pelleted and resuspended in 0.8 M sucrose and converted into giant spheroplasts by the addition of 50 mM Tris (pH 7.2), 200 μg/ml lysozyme and 6 mM EDTA final concentration. After addition of EDTA, the conversion process was stopped after ca. 5 min by addition of 5 mM MgCl~2~. The mixture of giant spheroplasts and cell debris was layered over 7-ml dilution solution containing 0.8 M sucrose, 10 mM Tris (pH 7.2), and 10 mM MgCl~2~ in two 15 ml Falcon™ tubes and centrifuged at 1000xg for 2 min. After centrifugation the 300 µl bottom portion containing giant spheroplasts, left after removal of the supernatant with a Pasteur pipette, was diluted in 1 ml dilution solution, divided into 50 µl aliquots and stored at -20°C.

Patch clamp and HHP setup
-------------------------

An Axopatch 1D patch-clamp amplifier (Axon Corp.) combined with a home-made HHP setup was used for recording. HHP setup consisted of an oil pump, manometer, HHP chamber, oil reservoir, and a "flying-patch" device, as detailed previously.[@R37] Each experiment consisted of the following steps: (1) forming an inside-out excised patch from a spheroplast membrane, (2) testing the mechano- and voltage-sensitivity of MscS/MscK, (3) transferring the "flying-patch" device from the patch-clamp setup into the HHP chamber, (4) applying depolarizing (negative pipette) voltage to a spheroplast patch until channels activity was observed and (5) recording the ionic current under HHP. Each HHP increase from previous to the next level has been done slowly within 10--15 sec in order to minimize heating of the preparation. Patch pipettes were pulled from borosilicate glass capillaries (Drummond Scientific Company) on a P87 pipette puller (Sutter Instruments) and had a resistance of 3--5 MΩ. Pipette solution contained 200 mM KCl, 90 mM MgCl~2~, 10 mM CaCl~2~, and 20 mM Tris, pH 7.2. Bath solution contained 200 mM KCl, 90 mM MgCl~2~, 10 mM CaCl~2~, 20 mM Tris, and 200 mM sucrose with or without 50 or 100 mM TMAO (final osmolarities) added (pH 7.2 adjusted with KOH). Gigaohm seals were formed on spheroplasts floating in the bath solution by applying gentle suction to the pipette. Inside-out excised patch recording configuration was achieved by air exposure of the patch pipette with a spheroplast on its tip. Presence of the channels in a patch was tested by applying suction and negative voltage (-30 mV) to the patch pipette. To estimate a threshold for MscS/MscK, opening steps of negative pressure were applied to the patch pipette and converted to voltage by a piezoelectric pressure transducer (Omega Engineering) with monitoring by an oscilloscope (TDS 210, Tektronix Inc.). Acquisition and data analysis software used was pClamp 9.2 (Axon Corp.) and Origin 6.1 (OriginLab).

NPo was calculated using two different methods: (1) by dividing the total current integrated over the time of recording Δt by the single channel current integrated over the same time Δt, which gives NPo as the open probability of unknown number of channels in a patch, or (2) by using the built-in utility in Clampfit 9.2 software: for each continuous recording separate NPo values were calculated for time periods when the steady-state voltage step was applied at a given HHP level. Since NPo at 0.1 MPa (1 atm) varied from patch to patch, all NPo values were normalized to the maximal value obtained during each recording. Statistical data analysis was done using Student t-test. Voltage was applied to each single patch by applying negative pipette voltage in 10 mV steps, starting from -10 mV. Patches with a voltage threshold of -80 mV or greater were excluded because of a risk of losing a gigaohm seal during application of HHP.

Tethered bilayer setup
----------------------

The tethered bilayer[@R38] was formed by adding 8 ul of 3mM ethanolic mobile lipid solution, to a polymer bounded 2mm^2^ area of tethered lipids bound to a gold surface within each well of the six well test chamber used for the experiments. The bilayer formation occurred when 100 µl of buffer was flushed through the test chamber. The incorporation of MscS or MscL was achieved by flushing with a 10 µM DDM dispersion of the corresponding MS protein in PBS buffer. This approach permits both the use of 10% tether densities and the transfer of the insoluble MS proteins into the tethered bilayer. Previous approaches have required that protein is fused with the tethered membrane by fusing proteoliposomes onto the inner leaflet tethers. Tether densities as low as 10% did not permit the latter approach as they failed to present a sufficiently hydrophobic surface to stimulate fusion. MscS and MscL proteins were prepared as previously described.[@R39]

Conclusions
===========

Presence of TMAO does not affect MscS/MscK voltage-sensitive gating transitions (Fig. 5.1B and 5.2B). Increasing HHP causes the bilayer thickness to increase and makes phospholipids more tightly packed. As a protective osmolyte TMAO is excluded around the surface of the cytoplasmic domain.[@R7] However, TMAO is expected to stabilize the cytoplasmic domain of MscS/MscK and protects it from the effect of HHP by coordinating water molecules around it[@R6] (shown schematically in [Fig. 5](#F5){ref-type="fig"} as a number of TMAO molecules arranged around the cytoplasmic domain). Gating of MscS/MscK by voltage at HHP up to 40 MPa is comparable to its gating at athmospheric pressure as shown in [Figure 4B](#F4){ref-type="fig"}. Further increase of HHP abolishes TMAO protection of the MscS and MscK cytoplasmic domains (shown schematically in [Fig. 5](#F5){ref-type="fig"} as reduced number of TMAO molecules coordinating water around the cytoplasmic domain). Phospholipids are more tightly packed such that the TM1-TM2 "hairpin" cannot easily move across the membrane bilayer when voltage is applied and the channel remains closed.
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HHP

:   high hydrostatic pressure

MscS

:   mechanosensitive channel of small conductance

MscK

:   K^+^-dependent mechanosensitive channel of small conductance

TMAO

:   trimethylamine N-oxide

TM

:   transmembrane

MS

:   mechanosensitive

MscL

:   mechanosensitive channel of large conductance
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